For the last ten years, quantum dots modified by biological materials have made it possible to study biochemical processes by means of biomedical imaging. This thesis introduced how the fluorescence CdTe quantum dots/hydroxyapatite composites were synthesized and how their structure, morphology, and fluorescence property were characterized by using TEM, XRD, EDS, UV-vis absorption spectra, and fluorescence spectra. The fluorescence spectra indicated the superb photometric characteristics of CdTe/HA composites. We also found that refluxing temperature and time had prominent effects on fluorescence wavelength and intensity of CdTe/HA composites, so the fluorescence emission wavelength of CdTe/HA composites could be controlled. In addition, the effect of BSA on the fluorescence properties of CdTe/HA composites was studied. The fluorescent emission intensity of CdTe/HA composites was enhanced directly with increasing concentrations of BSA; meanwhile, the fluorescence emission intensity of BSA dramatically decreased, which indicated that a Förster nonradiative energy transfer process occurred through the formation of chemical bonds between BSA and CdTe/HA composites. And the two-dimensional correlation (2D COS) was used to analyze the BSA solution before and after the reaction, which indicated that CdTe/HA composites have bound to a site at the surface of the molecule in the first subdomain IA. We also found that there was a linear relationship between the fluorescence intensity enhancement ( / 0 ) of CdTe/HA composites and the concentration of the bovine serum albumin, which might become a method for quantitative analysis of BSA in a real sample.
Introduction
The fluorescent properties of biocompatible nanoparticles have offered attractive possibilities for medical purposes (drug and gene delivery applications) and multifunctional biological imaging to understand the biochemical processes in vitro and in vivo. Quantum dots have generated great research interest in the past two decades, due to their desirable fluorescent properties (tunable emission spectra, high photostability, resistance to photobleaching, and controllable surface characteristics, etc.) [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, the application of quantum dots is limited, due to their characteristics of particle growth, photoinduced decomposition, biological toxicity, and conjugate aggregation [10] . Ideal biocompatible nanoparticles should have good light stability and particle size in the nanometer scale and should not be toxic for the organism. Studies have shown that the nanosized inorganic luminescent materials, as a new type of biological probes, have the potential to replace semiconductor quantum dots [11] . Among inorganic materials, hydroxyapatite (HA in short), which is the main inorganic component of animal bones and teeth [12, 2 Journal of Nanomaterials ions [18, [23] [24] [25] [26] [27] , based on the substitution of the calcium ion, there are limited reports on the synthesis of HA/CdTe quantum dots composites. Jiang et al. [28] conjugated HA derivatives (adipic acid dihydrazide modified HA, HA-ADH in short) with QDs through the reaction between amine group of HA-ADH and sulfo-NHS of QDs (QDs mixed with EDC hydrochloride and sulfo-NHS). And Li et al. [29] synthesized N-acetyl-L-cysteine-capped CdSe-polyelectrolytes @ hydroxyapatite composite microspheres through a stepwise layer-by-layer method; QDs (CdSe quantum dots) were loaded into the hollow HA microsphere, and polyelectrolyte layers were used to increase the loading amount and the electrostatic interaction between microsphere and QDs. In both researches, the HA and quantum dots were synthesized separately, and then several steps were used to conjugate quantum dots with HA. The products fabricated in this method had a diameter of several microns, and dispersion and stability depend on the precise control over conditions such as pH and ionic strength. Additionally, the N-acetyl-L-cysteine-capped CdSe-polyelectrolytes @ hydroxyapatite composite microspheres had been applied in detecting copper ion based on the fluorescence quenching of CdSe. To date, the quantum dots sensors functioned mainly through fluorescence quenching [30] [31] [32] [33] [34] [35] , and the synthesis of these materials with fluorescence enhancement signal has become a new challenge.
In this aspect, the coprecipitation method was used to synthesize CdTe/HA composites, and its product has bright fluorescence emission and good biocompatibility. Notably, a single light source could excite multicolor emission of different CdTe/HA composites, which clearly made them ideal candidates for simultaneous multicolor imaging in biological and medical applications. Furthermore, BSA was demonstrated as a fluorescence-enhanced reagent for the CdTe/ HA composites and the mechanisms were also discussed. In addition, the fluorescent emission intensity of CdTe/HA composites ( / 0 ) was enhanced linearly with increasing concentration of BSA, which suggested its great potential in real sample detection.
Experimental Section
2.1. Equipment. Powder X-ray diffraction (PXRD) patterns were collected on a DX-2700 X-ray diffractometer with graphite monochromatized Cu K radiation ( = 0.154 nm) and 2 ranging from 10 ∘ to 90 ∘ with an increment of 0.02 ∘ and a scanning rate of 5 ∘ /min. Absorption spectra were acquired at room temperature using a UV-2550 Shimadzu UV-VIS-NIR spectrophotometer with a 1.0 cm quartz cell. The transmission electron micrographs (TEM) were recorded with a Tecnai G220 electron microscope. The fluorescence spectra were measured on F-280 spectrofluorophotometer equipped with a xenon lamp and quartz carrier at room temperature, and the excitation and emission slit were at 2.0 nm (or 5.0 nm). The fluorescence photographs were recorded using Nikon D7000. Synchronous and asynchronous 2D correlation fluorescence spectra were taken by using Shige software.
2.2.
Reagents. 3-Mercaptopropyl acid (MPA) (99+%), tellurium powder (∼200 mesh, 99.8%), CdCl 2 (99+%), and NaBH 4 (99%) were purchased from Aldrich Chemical Co. BSA was purchased from Shanghai Biotechnology Co., Ltd. BSA powder was dissolved in a 2 mmol/L phosphate buffered saline solution (PBS, pH = 7.4) to obtain 1 mg/mL solution and all the solutions were stored at 0-4 ∘ C and diluted only prior to their immediate use. All other agents were of analytical reagent grade and used as they were received. Water used throughout the test was doubly distilled water (>18 MΩ⋅cm).
Preparation of CdTe Presoma.
CdTe presoma was prepared as described in previous papers [36] [37] [38] . In brief, freshly prepared NaHTe solution, produced by reaction of NaBH 4 solution with tellurium powder at a molar ratio of 2 : 1, was added to nitrogen-saturated 1.25 × 10 −3 mol/L CdCl 2 aqueous solution at pH = 11.4 in the presence of MPA as a stabilizing agent. The solutions were stirred for another 20 min and stored at 0-4 ∘ C.
The Preparation of
CdTe/HA Composites. 0.3998 g CaCl 2 ⋅ 2H 2 O was dissolved in 100 mL distilled water, the pH value was adjusted to about 10 using 0.1 mol/L NaOH, and 10 mL Na 2 HPO 4 ⋅12H 2 O solution (6.071 g/mL) was slowly added to the flask; this suspended precipitation was stirred for 0.5 h. Then, CdTe presoma was added to the solution, and the resulting mixture was then subjected to refluxing (80 ∘ C) under different refluxing conditions. After filtrating in pumping filtration and drying at 80 ∘ C, orange power was obtained.
2.5.
Interaction of BSA and CdTe/HA Composites. 1 mg CdTe/ HA composites power was dissolved in 4 mL PBS buffer solution, and pH was adjusted to 7.4. Then, a series of different volumes of 50.8 g/L BSA solutions were added to the solution. The fluorescence spectra of the resulting solutions were taken, after incubation for 10 min at room temperature.
Results and Discussion

Characterization of Composites.
The CdTe/HA composites were synthesized using an inorganic synthesis method. As the charge and radius of cadmium ions are similar to those of calcium ions, cadmium ion along with 3-mercaptopropyl acid and NaHTe could be precipitated along with the formation of hydroxyapatite. The fluorescence intensity of CdTe/HA composites did not decrease as the temperature increased, which indicated that the CdTe quantum dots and HA were not simple physical adsorption but surface complexation and ion exchange adsorption through the formation of stable chemical bond. Firstly, the product was characterized by TEM and XRD. As shown in Figure 1 (a), the CdTe/HA composites were well dispersed on the substrate and had rod shapes with average width of about 5 nm and lengths of about 80 nm. Figure 1 (b) shows that the lattice fringes of CdTe quantum dots had circular shapes with ∼5 nm diameter, which overlap with the lattice fringes of HA. CdTe did cause little lattice distortions of the HA. Figure 1( Due to the larger proportion of HA on the surface of the final products, the diffraction peaks of CdTe could hardly be found in XRD pattern of CdTe/HA composites. Also, EDS of the final product indicates the existence of Ca, P, O, S, Cd, and Te, confirming the detectable levels of ions within the CdTe/HA composites (see Figure 1(e) ). Figure 1(f) shows the fluorescence spectra of 6 distinguishable CdTe/HA composites; from left to right (green to red), the emission maxima are located at 516, 539, 559, 583, 594, and 606 nm. The figure in the inset shows that these 6 distinguishable fluorescence emission colors observed from CdTe/HA composites are excited with a near-UV (365 nm) lamp.
Although HA alone could adsorb CdTe quantum dots due to a physical adsorption process, the adsorption amount is very limited and the interaction between HA and QDs is weak. The CdTe quantum dots (prepared by a hydrothermal method) were adsorbed directly on the HA (designated as CdTe@HA composites) for comparison purpose. The fluorescence spectra observed from different samples are shown in Figure 2 . Compared with CdTe@HA composites, the CdTe/HA composites exhibit much higher fluorescence intensity, indicating increased loading amount. A rough calculation according to fluorescence intensity at 552 nm suggested that the loading amount could be increased by w37%. And the CdTe/HA composites power appeared to be fairly stable over time; when exposed to air for more than 2 months, the fluorescence intensity remained unchanged. Also, fluorescence emission intensity of CdTe/HA composites solution was measured, but no significant fluorescent quenching was observed during a period of 2 h. We assumed that the HA shell had a dramatic effect on the stability of luminescent properties compared with crude CdTe quantum dots. However, fluorescence emission intensity of this material showed significant degradation after 3 months, which showed improved resistance to air oxidation compared with crude CdTe. Furthermore, from Figure 2 , we also found that there was an increase of half peak width and a decrease of the fluorescence intensities of CdTe/HA composites compared with crude CdTe quantum dots in an aqueous solution. This was probably because of the aggregation of CdTe quantum dots during the coprecipitation process. Nevertheless, the HA shell prevented flocculation and kept the structural integrity of the CdTe cores and was sufficient for fluorescent stability.
The influences of refluxing temperature and time on the peak positions and fluorescence intensity are illustrated in Figure 3 . When refluxing temperature is 60 ∘ C (Figure 3(a) ), the growth rate is very slow. Even after refluxing for 6 h, the peak positions of CdTe/HA composites just carry out 11 nm red shift, but fluorescence intensity increases dramatically. When refluxing temperature is 80 ∘ C (Figure 3(b) ), the growth rate is faster than that at 60 ∘ C. After refluxing for 6 h, the peak positions of CdTe/HA composites carry out 60 nm red shift, but fluorescence intensity increases first and then decreases. When refluxing temperature is 100 ∘ C (Figure 3(c) ), the growth rate of CdTe/HA composites is faster than that at 80 ∘ C; after refluxing for 3 h, the peak positions of CdTe/HA composites carry out about 100 nm red shift, and the fluorescence intensity also increases first and then decreases. We realized that, for synthesis of CdTe/HA composites, refluxing temperature could play a very important role in the peak positions and fluorescence intensity of CdTe/HA composites: the higher the refluxing temperature was, the longer the fluorescent emission wavelengths will be. This also indicated that the crystal size and growth rate of CdTe (growing in/on the HA) synthesized at higher temperature were larger and faster than those at lower temperature [39] . Therefore, only by varying the refluxing temperature could we control the growth rate of CdTe/HA composites, and by varying the refluxing time we could control the fluorescence emission wavelength of CdTe/HA composites in this reaction system. Note that the half band width changed markedly over time, which suggested that defocusing of size distribution takes place earlier at higher growth temperature. But when refluxing temperature was 100 ∘ C, it was difficult to control the morphology of as-prepared CdTe/HA composite. So, refluxing temperature of 80 ∘ C was employed for all subsequent studies to obtain different emission wavelength products.
The Effect of BSA on the Fluorescence Spectrum of CdTe/ HA Composites.
There are sulfhydryls on the surface of BSA; sulfur and tellurium (tellurium is one of the metal elements in the CdTe quantum dots) belong to the same main group, which have similar chemical properties, so sulfur could combine with cadmium on the surface of CdTe quantum dots through a chemical bond. So, we studied the effect of BSA on the fluorescence intensity of as-prepared CdTe/HA composites. Interestingly, fluorescence emission of CdTe/HA composites was enhanced obviously in the presence of BSA. As reaction requires time to be consummated, an equilibrium time of 10 min was employed for all subsequent studies to obtain consistent results. And it is well known that QDs are pH sensitive [40] ; the following experiments were carried out in PBS buffer solution (pH = 7.4). We then investigated the concentration-dependent fluorescence enhancement of CdTe/HA composites in the presence of BSA. As shown in Figure 4(a) , the fluorescence emission of the CdTe/HA composites is reduced slightly at first and then is enhanced with increasing BSA concentration (as stated in the literature [41] , a similar phenomenon of fluorescence-enhanced sensor has been reported). Figure 4(b) shows that the fluorescence emission intensity of CdTe/HA composites is enhanced directly with increasing quantities of BSA. Furthermore, the intensity increased ( / 0 ) almost linearly against the concentrations of BSA over a concentration range from 0.05 g/L to 0.45 g/L ( = 0.9906) (Figure 4(c) ), which could be used for quantitative analysis of BSA. The equation [30, 42] LOD = (3.3 / ) is used to calculate the limit of detection (LOD), where is the standard deviation of the -intercepts of the regression lines and ( ) is the slope of the calibration graph. Here, the LOD of 0.25 mg/ mL for BSA determination is 0.032 g/L. Although this method shows no advantage in linear range and the limit of detection, we do provide a new and simple method for quantitative analysis of BSA, and more detailed research will be done in the future.
Fluorescence Changing Mechanisms of CdTe/HA Composites and BSA.
In addition, we measured the UV-vis spectra of CdTe/HA composites with and without BSA ( Figure 5(a) ). Distinctly, compared with the maximum absorption spectrum of BSA and pure CdTe/HA composites, besides the characteristic band of BSA at about 280 nm, a new band at 404 nm could be observed, implying the absorption of BSA onto CdTe/HA composites. Note there is an appreciable spectral overlap between the emission spectrum of BSA and the UV absorption spectrum (or the excitation spectrum) of CdTe/HA composites (as shown in Figure 6 ), and the fluorescence intensity of BSA decreases ( Figure 5(b) ) with the enhancement of the fluorescence emission of the CdTe/HA composites. All these meet the requirement for FRET, so we supposed that a Förster nonradiative energy transfer (FRET) process occurred through chemical interaction between BSA and CdTe/HA composites. The efficiency ( ) of energy transfer between the donor (BSA) and the acceptor (CdTe/HA composites) can be measured experimentally and calculated by (1) [43] , where is the distance between the donor and acceptor and 0 is the donor-acceptor distance at 50%:
0 could be calculated by (2) , where = 1.336 is the refractive index of the medium, 2 = 2/3 is the orientation factor, and = 0.13 is the quantum yield of the donor in the absence of the acceptor. The spectral overlap integral ( ) between acceptor emission spectrum and donor absorbance spectrum was approximately calculated by origin software.
In this study, we calculated = 0.9709, 0 = 4.775 nm, = 3.080 nm, and ( ) = 5.94 × 10 15 cm −1 ⋅nm 4 . The values of 0 and were on the 2-8 nm scale and 0.5 0 < < 1.5 0 . The value for 0 was less than 5.0 nm, which indicates that efficient energy transfer takes place between the donor-acceptor pair [44] . According to the prediction of the Förster nonradiative energy transfer theory, these results indicate that the energy transfer between BSA and CdTe/HA composites could occur with high probability, resulting in the fluorescence quenching of BSA and fluorescence enhancement of CdTe/HA composites. Meanwhile, we found that the quenching extent of the fluorescence intensity of BSA is not in proportion to the enhancing of CdTe/HA composites. It is apparent that other types of quenching mode, in addition to FRET, need to be considered as contributing factors in the quenching of the BSA emission. The 2D correlation technique was introduced to explore the quenching mechanism (as shown in Figure 7 ). Synchronous and asynchronous 2D correlation fluorescence spectra of pure BSA (as shown in Figures 7(a) and 7(b) ) and BSA with CdTe/HA composites (as shown in Figures 7(c) and 7(d)) in aqueous solutions were constructed from the fluorescence spectra in Figure 8 .
Bovine serum albumin (BSA) is composed of three kinds of intrinsic fluorophores (tryptophan, tyrosine, and phenylalanine) [43] and contains two tryptophans (Trp-212 and Trp-134) [45, 46] . It is able to assign the peak at 360 nm to Trp-134, while the peak at 325 nm is assigned to Trp-212. Because Trp-134 is located at a more polar site of the protein, the emission peak is at longer wavelength [47] . Upon excitation at 280 nm, for pure BSA solution, only one peak at (341, 341) in the synchronous correlation map (Figure 7(a) ) and two distinct peaks at (325, 360) nm in the asynchronous correlation map (Figure 7(b) ) were observed, respectively. So, we can conclude that the fluorescence emission peak at 341 nm is the cocontribution of the two tryptophans involved, and the overlapped peaks of the two Trp residues can be distinguished by the 2D correlation technique. For BSA and CdTe/HA composites mixed solution, only one peak at (325, 325) was observed in the synchronous correlation map (Figure 7(c) ) and the asynchronous correlation map (Figure 7(d) ), respectively. The fluorescence emission of Trp-134 should be quenched when BSA was added to CdTe/HA composites solution and indicated that CdTe/HA composites were bound to a site at the surface of the molecule in the first subdomain IA, close to the Trp-134. More in-depth discussion of the mechanism of the binding between BSA and CdTe/HA composites should be adopted in the future.
Conclusions
We have suggested a new and simple method for the synthesis of CdTe/HA composites. In particular, by varying the refluxing temperature, we could control the growth rate and emission wavelength of CdTe/HA composites. Besides, the fluorescence emission intensity of CdTe/HA composites can be enhanced by BSA, the mechanism of which was explained by FRET theory and two-dimensional correlation (2D COS) analysis. We believed that CdTe/HA composites did have a great potential in multicolor imaging and would be suitable for the further biological applications. But the binding mechanism between BSA and CdTe/HA composites and the application of this method in in vivo optical imaging are still unknown, and more in-depth researches should be adopted in the future. manufacturers of pharmaceuticals, laboratory supplies, and/ or medical devices or with commercial providers of medically related services.
